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FOREWORD

This report summarizes the work accomplished under contract AF 3”( 615)-
1210, for research on catalytic reduction of cerbon dioxide to methane and
waters This work was performed under project 6146, "Atmosphere and Thermal
Control”, and task 614612, "Oxygen Recovery From Car'bon Dioxide." The
effort was initiated on 6 Januery 196l and compléted 31 December 1964, by the
MRD Division of the General American Transportation Corporation, 7501 Natchez
_Avenue; Niles, Illindis 60648. The work was monitored by Tt. Derry W.
Marshall, Environmental Control Branch (FDFE), Air Force Flight Dynamics
Iaboratory, Research and Technology Division, Wright-Patterson Air Force Base,
Ohio 45433,

The work reported herein was performed by personnel withir the Chemical
anG Biological Research Section of MRD's Env:Lronmenta.l Systems Group, under
the direction of Mre. R. A. Bambenek and supervision of Mr. J; D. Zeff,

Mr. G. A. Remus served as project engineer withk the assistance of Mr. R.
We Ferris for the preparation and testing of catalysts.

Tll_is report has been reviewed and is approved,

/ ot _"'.’ J«;u:
¢ P g LN
- 'T,. J. Raker
,Assistant for R& T
Vehicle Equipment Division

Manuscript released by the author 15 January 1965 for publication as an
RTD Technical Documentary Report.
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ABSTRACT

A literature seerch was conducted to determine suitable cand:.date
catalysts for the Sa‘bat:.er reaction. A test system was des:.gned and fabn-
. cated for evaluatmg the candidate catalysts msterial to select an. optimum
catalyst. The system inclnded a reactor sized to . handle 2.5 1bs of CO _per
day, equivalent 10 one-man output. Three ‘smaller reactors weré alsc used.
to test more accurately the effects of changes in temperature, flow and.
catalyst configurationa

_The optimum catalyst gas determined to be ruthenium metal powder, having
a bulk density of 85 lb/ft and an average Dart:.cle dismeter of 0.002-0.003
inch. The minimum temperature requlred with this catalyst to provide over

9% conversion of 002 was 35( 1 at one atmosphere. a H,:C0, ratio of 4.k,
and a.space velocity of 310 hr™. During a thirty-day duration test ws.th
ruthenium metal: powder CO, conversion remained -essentially at 99%, and the
catalyst remained uncnanged. A short period of intermittent injection of
HyS gas into the feed gas line did not affect pe_formance. Operation at
reduced pressures down to 5 psia caused cnly a 1»2% decrease in C.'O con-
version with all other parameters held constant.

The theoretical equllw‘brlum reaction Yimitations are discusséd in the
reporte Various la‘boratory catelyst preparations and their effects on the

reaction are described, and conclusion and recommendations are J;sted at
the end of the réport.
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“SECTION 1

INTRODUCTION

1.1 Program :Qbjectives,

i
N

The overgll objective of this program was to .develop a catalyst which
would efficiently promote the Ssbatier process, i.e., reduction of carbon
‘dioxide with hydrogen :at low temperatures to form water .and methane :in high
¥yilelds. -Complete conversion :is promoted by operating :at 3009F .or lower,
based .on theoretical equilibria with stoichiometric guantities .of ‘hydrogen
and -carbon dioxide. 'The :accompanying ©objectives were: -

1. 'To welate catalyst performence with catalyst propertiés, -
Ppreparations :and possibile poiscning.

2. To determine :yields at varying *ten}peratures, filow rates .and
‘Pressures.

3. ‘'To measure .and relate power reguirements for heating :and initiaticn
of the reaction with :a system .capeble of pprocessing 2.5 ibs.
Cop/aay.

From the results of these Objectives, @nd won the basis of -z comparison
iof performance .and operating temperatures .and power regulrements -an -optimum
catalyst was to be selecteda

1,2 Program Phages

The initial phase of the program consisted of @ literature .search of
publications «of work weported for the reactions between wcarbon dioxide and
hydrogen and for @ll catalycts mtilized in fthese reactions. From this
isearch ;2 Listing of candidate catalyst materigls was prepared.

‘The :second jphase -consisted of the .design :and fdbrication «of :an
experimental system which was wused to measure the catalyst perfio~ 1ance of
the selected candidate materials.

The third phase of the program was the ;actual testing of :catalyst
materigls -and the measurement of operating varidbles. In this phase data
were «collected -on yields, temperatures, flow rates, pressures, and pover
requirements for the -various materials tested; ithe .effects of using
-Aifferent catalyst preparations were also correlated with catalyst performance.
‘The test xresults fram tais Phase were used as the basis for selection of
the .optimum catalyst :and for the final program conclusions .and recommendations.
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1.1 I‘rggram QbL tives
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The overall objective of this program wes to &e?elon 2 ca.te.l;rst yhich
would ef'fic.;enﬂy promote the Sa‘be.tier process; i.e. > reductiou of carbon: -
dioxide with byd.rogen at low temeratures 4o form: water: and nethane in high
yieldss Complete: ccn“ersién is prmotea. by opera.ting at 3000F cr lower,
based:-on- theoretical équilibria with stoichiometric quantities of hy&rogen ] S
and ca.r‘bon d_o:dae. The accanpa:m.ng ondectieas weres ‘ ) -z
1. 'Io relate ca.ualrt per"omance with cata]yst pronerties,
preparations and possible pcisonings . -

2, To determine ,ne.xds 8% v'.::'ving temperatures, fiow rates and
pressures.

-

30 “To-measure and relate DPowes requ.i:::enents for heating aﬁa :!nitintmn

of the reactien with & syste:n capable of :processing 2.5 Ibs. . - - ’
coglaay. : . L : i
From the 'resul‘l'.s of these obaectives, and oi "the hsis of a- calpe.rison =
of performance and operaﬁng temperatures a.nd :power :requirenent. an, optmm R -3

] ca.talyst wasto be selected. .

1.2 Program?hases E ‘ h . : - ;' - !' V o o
The Initisl phase of ~'t'.he program consis’c.ea of a literature search of
publications:-of work Teported for ‘the rvactions between- car‘b'\n dlon le and:
hydrogen and. for ait ‘catalysts o il.zeal in these reac‘cions. h‘an ‘bu.'.s
search a listing of’ canaldate ca:ba]:yst mterials “Was- ‘orepare&.\
The second phs.se consisted: of-the demgn and i‘a‘brication ‘of &n:
experimen’cal system which was used to measm'e *tfhe cata]yst perrormance of T
‘the selected candidate ma‘berials. - , - b

‘The thrrd Pphase of the program was the -actual testing ot v.,a‘t*a.lyst
materigls and. the: mee.surelneni: of opera.ting varia‘bles. In this paase data
were collected on Jields, temperaturés; Llow: :rates 3 PLessuresy and power _
reuun'ements forsthe various materials tested,“ ‘t‘he effects. of using i
differént cetalyst preparations were .alsd corrélated with cata]Jst performance.
The test results. from This phase were vsed 8s uhe ‘oa.sis for seléction. og
‘the optimum ca‘talyst and. for ‘the. i‘ma.l program conclusions and recomendatlons.
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SECTION 2 - A
7 LITRRATURR-SEARCE %

on CO2 nethu.mtion and. :ceduc..ion catalysts tased on :Inuepeaient, gcvern-ent
+nd industrisl research The investigation was not limited only to reactions
whick give methere andva.’ber as the. primary erd products but alzo- considered
the general kydregenation -of csroon: dioxide regardlesg of end prodncts,

‘because “the catalysts used had pcte.tial app]ieatim, with: )odii‘ieaticn, to
the Sabatier process.

2.1 Inc‘tependentResearch o - ) ' -

oyt Mﬁ—vv»«dﬂ»- =
> . . "

‘The investigatioz of in&epenﬁeiﬁ; researcn was initiated with an: extensive
examination of the American’ ‘Chemical Society “Chezmical Abstra.cts‘
References cn. rethanst jon-and :recmction of carben: amnﬁe ersa examined:

: Mginningviththeyea.. 1900 and extena.ing «)n‘mghl&f}. A large nimber of
references, approximately seventy, were found pertingnt and their- -abstracts
racorded. ‘SHghtly over- -cneshelf df the references dealt with. methane as the .
002 reauction product, . w‘hﬂe the remainder indicated I:roauction of’ h:lgher i
hyaroearooas, caroonmonoui&e, an&:gure carbons ) i

‘Meny catalysts and combinations of catalysis were ﬁescribed, . *chose
which indicated the ‘highess. nmethanation capebility were Group VIII metals -
Ru, Rh, Ir, Wi, and Co: Barly vork (1925): by Fischer and-Trcpsch showed: )
that mthemm Will promote the reducticn of C% with B 10 -give only c&
and B0 at '300° %o 00° F and atmospheric ,pressu:e, with cooplete conversion
.of the coa, pertial conversion starts.at 20Q°F Various other nems ﬂ.]l .
also give comple’oe cenversion but. not necessarm -at as low ‘l’.emneratures as
with ruthénium. The order of nethamﬁng a.etinty of these me‘bals isas ‘
shmm above, acceraing to‘Fischer. i L . -5
Catalysis other than Grmp,VIII ;oure metals prcmoted t‘be formation of
- higher lwarocar‘bons sucl as :’r*mlde‘hyae. “Thesé ca.ta.lvsts were alloys of -
Group VIII metals with each cths- or with Cu, Ag, Au; Zn,. Mn, JBa, Cr, or ‘
oxides. of Aly Zn,. Cr,uZBa, Mn, Sh, Ce, Irh, Mo, or Ii. T

In aa.dition to ‘the Chemical Abstracts, the ‘Science Abstracts published
by the Inst'ltutlon of Electrical Engineers -and ‘the Engineering Index
yublished Yy Engineering Index, Inc., were :imreS‘l:i.ga:tzea.~ they- dﬁ xot provide -
any data. beyond that ‘shown. I in the Chemlca.l Abstracts.

2.2 Governmen‘l; Pu'blicahons

~-

Documents and publi ca‘bions From verious government :resea:rch and testlng
la‘bora‘tories als0 were inveshgatea 3in -the same wmenner, particularly in
Iight of ‘the Ilm‘ge mnoun‘b of work per.formed in: recen’b years in ‘the ares of
ca‘te.lysis ‘by thése agencies.

The ntera‘t;ure gsearch of government publications on contract :projec‘ts,
symposia, e.na indopenaen‘t &'eports Inclunded:

i
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Host of the infomtioa extracte& ﬁ'cn +hese sources confimea. expandel,

. :,em, Technical Abstracts &ﬂl’etin ’

.

ARG, Fucleer Science Abstract h
¥ASA, Scientific and Technical Aerostace Reports
KASR, Techricel Prblications Apnouncements

MASA, Internstionsl Aerospace #bstracts -

O‘S, J. S: Gmrezment Research ‘Renoris

T or refmed eerl.er :referenced vorx.

.3 Indus‘cr:.al ?ublicaﬁoas

-.gated as
I
2.

3.
1&.

5.

6.

Pa‘bhca.%lms ‘by mo.ustrral g,ata]yst mnufact\n-mg concems were investi-

h.

=7

Bngleherd Industries, Int.; Technical Bulletin,

: Platimen Metels Review (3’. ?Blshon & Co.),

Ruﬂzennm. The Metal, Itleloys . Chem:.cal Cannounds and
Ca‘ba];yh.c Properhes (a.n _nterna.tional Hickel Go., Inmc. *broc}mre) 5

Anhotated Bi‘b]iograp!w -on Ru%‘hemmn, Rhoamm, -and Ir.:”um *as
Cetglysts {Thé Internstionsl ]1(:1(..1 To.,y Inc.) 3-

General cgtalogues aescri‘b...ng caxmerc:tal‘ly avallable cata]ysts, .
methode: of production; and-equiraent and: proz:eﬁures For- evelustiag.
catalystlc paremeters were obtained from Engelhard: In&ustries s Inc.,
~J. Bishop % Co., Nuclear: Metals, Incs, Dow Metal Products Div.,

Dow Chemicel Co., In‘herna‘tlonal Nickel Co., Inc., The Harshew

.Chemical Co., Catalyst s1id Ceram:Lc Div., Ghemical Products Division

of Chemetron Corp., Ca‘telytlc Com‘oustion Corp., and Fansteel
Metallurgical Corp. .

Catslogues dealing specifically with catalyst supports and promoters
were ob%ained from the Norton Cos, Johns-Mamv.ﬂle Celite Division,
Kreft Chemical Go. {Chicago) 3 Temms Tndustries Co. (Chicagd).

The

Iiterature search indicgted the successful use of seversl materials -
as catalysts for carbon dioxide reduction with approximately total methanation

at ‘temperatures between 3000 snd 500°F. Of these materials, ruthenivm

provided the best performance, while other Group VIII metals also ca:talyzed
carbon dioxide reluction.

AlX

of the references consulted In the three areas of the li‘bera“bure »

search sre *ta‘bula“teﬂ in the appendix.
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SECTION 3 -

The experimenisl system. vas aes:.gned and i‘a‘bricated to operate at &
nowingl tapacity of 20 1bs. carbon dn.ondej’aaw over 8 test. ‘temperature range
from 2000 to 600°F. and at pressiures of 5, 10 and 14,7 PSTA.. The system was
to vrovide the test data reguired to accurately monitor catelyst performancs
in terms of the rea.ct:.cn ylela. a.nB. temperature, at varied flow rates. ‘

. The system consists of.
3. A reesctor and electric heater vit . :veriable roltage control
2. GO, and By iild%; reéﬂatgrg: and rotameters °
3. A temperature sénsing. controller for operation of the healer
k. Menometers for rsactor pressure indication
5. An outlet gé.s water trep abd sbsorbent
6. An outlet 'ge.s_ flowmeter

T~. Thermocouples. end ‘hemperature 1nﬁice.tors.

A gas chroma’ccgra:o‘h &nd: several infra-red detentors ~were used to monitor
the dnlet and ou*.;let gas stream composition.

Four B.ifferen’c reactor configurations were used in the experimental
system during different phases of testirg. As- the program progressed it
‘became spparent that dii‘ferent .configurations were needed becruse no one

configuration alone proviﬁed for sccurste measurement of all ‘the testing
varigbles.,

3.1 Reactor Confipguration

3.1.1 Réactor 1-G

The first reactor was fabricated from glass. This reactor was utilized
prior ¥o the design and fabtrication of a fullw-size stainless-stesl reactor
for preliminary testing with commercially prepsred rholium and* ruthenium
catelysts. The purpose of these tests was to obtain experience with catslysts
as supplied from a comm3rcial source and to observe any performance

characteristics which might affect the design or fabrication of the full-size
reactors

The 1-G reactor was made of Vycor glass, cspable of withstanding 1200°F.
It was 1 inch in diameter mnd 18 iInches long. Approxima‘bel‘y 35 grams of
! /B-uinch catalyst pellets filled & 10-inch length in the tubz. Two 1/8-inch
-Qlameter thermocouple wells ran through the length of %he ‘tube.

A series of preliminary tests were run with the gless tube at low COp

RPN
.




feed rates (0.2-0.3 1b. CO, /&ay) , and no unusual results. were noted.
Gonsequently, the fu]l-size reactor was fabricated and incorporated into the

system,

3.1,2 Resctor 1-8 4

The full-size reantor, designated 1-S, was made of stainless-steel and
was sized to handle the carbon dioxide output of one man. This xreactor was
suitable for use with catalyst particles gbove 0.0% inch in dismeter.

The d@mgn of the catalytic reactor was based on thrge.maagr factgrg,:"

Y. A carbon dioxide flow of 2.5 .].‘bs/day with a stoichiometric ng‘xitity
of hydrogen. ‘ -

2. A catalyst bed space velocity nominelly of 500/hr or higher with a
catalyst bed lengthfdismeter ratio tetween 3 and 4.

3. Control of the catalyst bed temperature both B.ur:Ing sta.rt-un which
requires heating, and during continuous opera.tion Vh:.ch Tequires

cooling. b -

Various other factors were considered, jncluding:

1. Treheating the inlet gases to reaction temperature before *‘he gases
entexr the catalyst bed, .

2. Preventing outlet gases from cooling and condensmg 1120 formed in
the reaction,

3. Simple but muitiple temperature measurements at selected points
: ¥ithin the xresctor and cetalyst bed,

L. Simple removel and replacement of the catalyst material.

The reactor assembly drawing 3z shown in Figure 1, ard 3 photograph in
Figure 2.

Based on the reguired coe flow, space velocity, and ded length/aiameter
ratio, for operation at approximetely L0G°F and 1%.7 psia the catalyst bed
dimensions are 8-irches long and 2-inches in dimmeter. The bed volume is
2k evbic inches and holds epproximately 450 grams of 1]8-inch cylindrical
alumina pellets. To provide for removing the heat of the exothermic reaction
the reactor was fitted with & permanent cooling Jjacket, which forms an
annular passage around the length of the catalyst bed. The anmulus is 1/16-inch
thick, and alr circulates during cooling along the bed length perallel to
0N :ﬁ‘low vithin the bed. The annwlus is only 1/16-inch thick to minimuze
resistance to heat transfer during start-up or subseguent bed heating. An

electric heating tepe, with s nominal output of 150 watts, was wrapped spirally
around the ou‘bsi&e of ‘the jacket,

Incoming C:()ﬁ an& are heated to reaction tempersture by rassing )

centrally through the length of the catalyst within a 1/2—incn diameter tube.

r mr e e
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After leaving this tube tiae gases reverse flow direction and pass through the
cztelyst bed. By this means the center of the bed 2s cooled and the inlet
gases ere simuitaneously preheated.

The end of the reactor where.gas flow direction reverses is f£i%ted with
a flenge and remcveble end-plate for access to the -catalyst. A silicone
rubber O~ring seals the end-plaie to the flange. A thin metal baffle plate
is attached to the inside of the end plete. This beffle prevents gas Tlow
from striking the end-plate and traps & stationexry ges volums to prevent over-
heating of the end-plate and possible damsge t0 the O-ring seal.

At the opposite end of the reactor a 1/2-inch diemeter outlet tube ais-
charges from the wall of the reactor. HoOt Temetion gases contevt 811 surfaces
of this end to maintain & high temperature and prevent HZO condensation.

The catalyst is contained between two removable peri’ora'ced B.lsks v“knch

slip over and ere supported on the central. ges inlet tubg. Iwo “temperature
-wells of 1/8~inch diaretetr are located in the catalyst along the length of
(1) the gas inlet tube, and (2) the imner sarface of the reactor wall.
Tamperatures are-measured at verious points in the well ‘bymoveable ‘thermp~
couples, The resctor was febricated entirely from stainless-steel; g1l semms
wers helisrc welded, except for the thexrmocouple well connections which were-
Brazeﬂ.

"‘his resctor configuration provided data on gas Flow rates, power inputs,
gngé; temperature ‘control. ‘teckniques. :However, Juring operation, 8 1000-2500F
temperature gradient in both the axial and rsdisl direction of Lhe ccatelyst
“bed prevented accurate measurement -of the reaction temperature,

3.1.3 Reactor ats

ZPr:Lma.ri]y %0 -eliminate the extreme temperature graiient problem, a
second glass Treactor was fabricated, and designated No. :2<G. The reactor,
shown in Figure 3, provides the following:

1. A catalyst support for fine catalyst metel powiders, and catalysts on
fine support powders, up to 150 mesk;

2e A smaller rcatalyst bed volume which permits testing smaller :amounts
of -catalysts, and which mininizes ‘the ‘tempersture ,gradients in the
‘bed.

This reactor diﬁ'erea from “the original glass reactor {1-G) in that its
length to diameter ratio was approximetely 2:1 instead of 103 1, although ithe
totel ccatalyst bed volumeq were approximately the same, The 2-G reactor
was ‘hested ‘externally by a spirally wrapped heating coil. WNo provision was
made for cooling the reactor because it was :anticipeted that radistion and
convection .away from the -outer reasctor isurfaces would provide adequate hest

" removals

Two thermocouple wells, ‘one ‘at the bed wall and ‘the other @t the bed
‘center, were used to measurs temperstures within the catalyst. Inlet gases
were not preheated.
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Although operations with: this reactor -essentizlly -€liminsted excessive
‘temperature gradients in.the catalyst bed, and permitted testing -of cataiyst
powdérs, the reactor voiume was 1Arge and did not provide for ‘hesta_n'g of Jow
velumes, in the Tange of 10-cc, of -catalyst mat..mals
3alh Reactor B-G s 7

In order thet -tests ‘could be perfomea 'on Jimited :amotnts ©f -cetalyst, =
{;h:ra :glass reactor ﬁaesigna:cea 3—C) was i‘abrica.teﬁ. This reactor is shown

in Figere k. ) .

This reactor was -Gesigned primarily for testing pure metals in ‘Ehe
Platimm family wrich are generev:!:br availeble <on1y Ar powder form, @pproxis
mately 150- to QOOmsh (0.003 “to ‘04002-inch average ;oart:.cle B:J.a;meter).
Flow in #his-reactor is upward, :since preliminary tests showed -downward Flow
“hrough powler of this mesh 'size ¢restes a very high (3-14{951) ‘pressure 3rop
‘through @ 1~ to 2winch déep ldayer, ‘The top .of the remctor is curved Into
:an €lbow :and theated to prevent condensation :0f product water wiich :could
fotherw:.se wcondense anB. collect on *b"he xca.i;a.".LyS'i: surface and 3_mpa3m “the _
Tesction. }

342 Test ZMoni‘toz'iﬁfg 'é.na. 'Contro":l_ "System

The test monitoring :and «control isystem ‘consis uea of the Ffollowing
xcomponents ms :shown'in Figure 53 :

1. 00, =nd §, Flow repilators and Tobometers

2+ A temperature sensing rcbﬁt’ro";[mer Ffor heater «operation

3. A water manometer for imlet weactor pressure indication

4, An outlet gas flowmeter ‘

Be 'Thermocouples :@and tempersture Indicators

6o (Gas :analyzers for measuring feed and outlet gas 'composiitirons_

‘Ehe iCO2 :and ‘52 flow regulsitors were 1/ linch Nuclear Progucts Company
werni€er fine metéring valves, fed by Bastian :and Blessing low pressure
singlemstage regulators set @t 2 psige ‘The robometers were Fischer and
Porer 28A=10202 glass Ffilowmeters with isapphire floats, with @ nomingl
maximum wapacity of 960 <ccfmin ibased on standard @ire 'The temperature
controller was & West Tustruiment Corp. Model J indicating pyrometric centroller
actuated by i thermocouple ssensing the catalyst bed temperature. The -outiet
gas flowmeter was :an American Meter Company Model Wo. AT~1T«1 Wet Tes't
Meter, having @ maximum flow xate capacity of haT Zlﬂ.ters//:hr. 'The ‘thermo=
couple used was Chromel~Alumel, and the temperature indicator~recorder was
& Minneapolis Honeywell :Sh=point multipoint mecordere

A Beckman (GC=2 «chromatograph with @ thermel :conductivity detector was
used initially %o monitor ‘the irilet and outlet gas :stream. 'The chenges in
composition were fairly rapid :and he «chromatograph response time was
insdequete for clogely relating degree of :conversion to “temperature.

10




—————

S
TGS

Gas Outlet

~ Heater

7/8" ©,D,

Gas Inlet

: N O]

—

= 4‘1!!‘4:)—

‘Thermocopple Wells

<G REACTOR [SCHEMATIC DRAWING

Figure 4 3

1




R
g

-

, 233 382% 29329

3P 930 g A

$h-0"

03,

JOTOVEY S-T HUIM RELSAY

pad’
{Hmzng

JORUIPUO

100
PATEPONIY)

e
393

Fredeart - R S

e

brszn

LIMOIRIT

bratiti-de.d

T e

STt

ydeaSomory) geD
7 o3 Irdsvg

e <

\
]

)
oY,

AN

AN
2L

RIS
ARG
R AS

PN

3
N

[X

TR
RN
A

i

IS IR

S

S

M

)
1250

o330 4TI
TaoW pReulles

A3PeR

Zoyamoum
ALY




Subsequently; the chromatograph was replaced by two Mine Safety

Appliance Co. LIRA Model 300 Infra-red detectors both veading 0-3 CCp by -

volumes. The dotectors continually and: separately monitored the et and
outlet gas composition.. The signal from the outlet de‘bector was fad Intd
a series of points on the ah-po.mt recorder %o give a relatively contihuous

indication of degree -of GOo conversion simuitanecusly with femperature
indicatione )




- SERTION %
CATALYST msmm’s: "PROGRAM

The C&t&].YSu tesmng program was concerned w“l-.h the actual peri‘omance
rating of :a series of catalysts tested under “V&I‘J.ea opera‘t:mg conditions.

The primaxy objective was %o ’detennme ql:‘he o‘_ot:.mum catalyst which would pro= _

vide essential:y compiete (99% Or higher). TO,,. conversion at the Yowest
Lemperature, The accompanying major o‘bgect:wes were to relate ca‘talys"t Yer=-

formance with. cata.l.yst properties ard preperations, and to 'de“temme ‘temperature,

pressure, end space velocity -effects on CO, conversion.. During testing the
power and cooling nece<sa:cy for initiation and control of the reaction were
‘measure@ for a sysk bem opereting -at one=man capacitys

L1 General Plan

The overall approach for catalyst testing considered sevéral basic
factors, First, the theoretical aspects of the chemical reaction weré
examine’ to determine temnerature and pressure limitstions, where possible,
based on chemical equilibrizm ‘theory. The theoretical calcu]atlons Iindicated
%he practical temperature :canges and the effects of su‘batmosphera.c ,pressures
¥or actual experimental ’cest

Second, candidate catalyst materials were ;orbcurea $pecitically as

_ tatalysts from industrial manufacturers, to teké advantage of the specific
Jroperties dc,s:Lgned into the wmeterials by ‘the mamefacturers. The physical
‘oropertlet of ‘these. @a‘ba]ystfs, such a5 size, »densuy, sha‘pe, chemical ¢om=
position, support material, ete., were used as the basis for Final selfectlon
Tor attual testing. -

S ’I'hlra, based on the performance of industrial catalysts,. laboratory
Preparations were made of high performance catalyst materials to show the
effects of :prepa:ra'hons on ‘the amount of’ G0, converted. Also, various
industrial catalyst materials were ‘oren“trea.%ed in %the mbomtory to determine
‘the effects of pre~trestments such as n;yarogen reduction, air oxidation, or
surfsace activation with mineral acids.

Finally, both ‘the industrial and ‘the lshoratory-prepared catalyst
nmaterials were tested under varied conditions of ‘temperature, flow, feed
composition, @nd pressure. These parameters were varied to provide
sufficient data to adequately rate the performance of each material, to
determine ‘the minimum opersting reaction tempersture, and to ultimately
determine the coverall optimum catalyst along with the power and cooling
requirements for sustained, controlled and efficient reactor operation,
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%.2 Resction Theory

The chemicsl equation Tor the Sebatier reaction st
co, * lé‘ﬂz —— CH, ¥ 2H,0
The éqx‘fi]i'brim relation iss
e 1707 -
K= -
P eogrE,tet

viere K = Equilibrium eonstant, pressure
11 = Volume concentration = MWole fraction
7 = Total pressurz
IF ‘the degree of conversion of €05 Is represented by X, ‘then ‘the mumber
of moles of G0p &t equilibriwm s 1 - X, of H is L - Y%, of CH, 3s X, of
B0 i3 2X, and the total present is 5 ~ 2X.

The €quilibrium velation becomes:

- Wi’ | g

From the Gibbs' free energy relationship, enthalplies, and standard heats of
formation the equilibrivm constant may be related to temperatures to give
‘the graph shown In Figure 6.

From ‘the equilibrium egvation @nd this graph, ‘the theoretical depree of
C0, conversion can be related directly to the equilibrium temperature. This
relationship Is depicted in Figure T which shows the maximm possible COp
conversion @t atmospheric pressurs and any given ‘tempersture for a
stolchiometric HyC0, ratio of 4l

From this curve It can be seen that, from equilibrium considerations,
it is desirable to operate the reattion at temperatures approximating 3J00°F
Yor 100% COp conversion, or wp to HOUOF For 99% conversion; operation zt
‘temperatures higher than these will prohibit this high degree of €0 con-

- versions

If ®ll of ‘the reactor bed were at = temperature higher than 4O0OF, it
would be Impossible to achieve 99% conversion, with ‘the actusl possible
degree conversion governed by the minimum temperatures in the beds In
Practice, however, ‘there is usually a tempersture gralient in the bed, with
‘the inlet rumning higher then the outlet.

15
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X; Theoretical Fraction of €0, Conversion

Figure 7

03+ Np > CH, + 260
R = H,3CC, ratlc, volumetriz
or-m Neantion Prassure, Pain.
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For ‘excmple, ®t the inlet where the tempersture msy ‘be 550 F;, @due %o The
exothermic energy release, conversion will approximste 96%, vhile the niddle
"3Is at 400°F with 99% conversion, and the outlet at 300°F, with -conversion
approachmg 100%.

Ccmplete conversion would ‘thus be achieved but ‘only because & sufficient
portion of the reactor was at S009F. The ideal theorstical reactor would
Operate isothermally at a maximum of 300°F, with the inlet gases preheated to
this temperature lével.. If the réaction could be initiated and .sustained &t
even lower temperatures ‘comple't;e -eonversion would 'st111 be achlnvea». This
Jower ‘temperature would be limited only by the vapor pressure anEi ‘correspond=
ing dew point of the product water. Conllensation of product water within the
«catalyst bed could have the undesiravle effeéct of decreasing the activity and
‘capacity of ‘the xeactors

The theoretical temperature to which ‘the gas mixture could rise In an
adiabatic reaction may be calculated . om ‘the standerd heat 1 ¥ reaction,
the heat ‘capacities of %the reactants mnd products, and the degree of COp
conversion.. By using mean molal heet capac:d;" es the ‘temperature mngy e fclosely
approxmatea. by ‘the i‘o]lomng equation:

T = Tpep, + W/, + 20, + 2 -X) G+ 1 Q-1 1